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Abstract 
Mimicking anatomical structures like bone can aid in the development of energy 
absorbing structures that can achieve desirable properties. Accordingly, this study 
presents the analysis of tubular nested designs inspired by Haversian bone 
architecture. Based on this design philosophy, a total of 18 nested tube designs with 
various geometrical configurations were developed. Within each design, the effect of 
reinforcement walls on the crashworthiness performance is also analysed. A finite 
element model, validated using quasi-static experimental tests, was used to study the 
crashworthiness performance and progressive deformation of the nested system. 
Based on the results, a multi-criteria decision-making method known as Technique of 
Order Preference by Similarity to Ideal Solution (TOPSIS) was employed to 
determine the most suitable cross-section that features high energy absorption and 
low impact force. Consequently, the study identified a nested tube configuration that 
exhibits superior crashworthiness and high energy absorbing characteristics. The bio-
inspired design methodology presented in this study allows the exploitation of 
variable nested geometries for the development of high-efficiency energy absorbing 
structures. 
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1. Introduction 
Energy absorbing structure is an integral part of any vehicles to reduce the risk of high loads 
generated during an impact event. Thin-walled structures have been widely used as energy 
absorbers due to their excellent performance under dynamic and impact forces [1–6]. The energy 
absorption performance of thin-walled structures with different cross-sections and configurations 
such as square [7,8], circular [9,10], bi-tubal [11], pentagon [12], tapered [13,14], sandwich 
[15,16], honeycomb [17–20], windowed [21–24], multi-cell and nested [25–29] has been 
extensively studied in literature. The parameters of importance for such structures are the high 
Specific Energy Absorption (SEA) and the low initial Peak Crushing Force (PCF) which can be 
established using different experimental, numerical, and theoretical techniques [30–35]. 
Nowadays, with the ever increased interest in the balance between the safety and environmental 
requirements of a passenger vehicle, the demand for modern structures with higher energy 
absorption capacity and lighter weight has increased sharply in the automotive industry. Nested 
tubes systems are among the structures that have the potential to address the conflicting 
crashworthiness design objectives of vehicles. Nested systems can be regarded as a type of 
multi-cell structures where the global performance is dictated by the complex nested geometry.  
The nested structures, with different geometrical shapes and nesting arrangements, have received 
considerable research attention and their crashworthiness behaviours under axial and lateral 
loadings were explored in many studies.  
Alavi Nia and Chahardoli [36,37] investigated the mechanical behaviour of nested multi-tubular 
structures under axial loading. The result of their study showed that increasing the number of 
tubes in a nested design leads to an increase in both SEA and Crash Force Efficiency (CFE). 
Similar findings were also reported by Usta and Türkmen [38] who found that the SEA values of 
nested structures increased as the number of tubes was increased from 1 to 5. 
Baroutaji et al. [39] studied the experimental behaviour of short length circular nested tube 
systems under lateral impact loading. After extending the study to investigate the influence of 
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geometrical parameters concluded that the collapse load decreased with decreasing thickness and 
increasing the tube diameter. In addition, Olabi et al. [40] experimentally and numerically 
investigated the effects of side constraints and quantified its influence on the behaviour of nested 
tubes under lateral crushing. The study also demonstrated a good correlation between the 
experimental and numerical results later confirmed by theoretical, experimental and numerical 
investigations by Wang et al. [41] and Tran [42] as well.  
Chahardoli et al [43] presented a new type of nested structure which contains two tubes with 
different orientations with respect to the direction of loading. In this structure, the inner tube is 
located vertically so it can be loaded axially while the outer tube was located horizontally in 
order to be loaded laterally. It was found that the nested tube absorber yields higher crush force 
efficiency than its individual units when they are crushed separately. 
The studies on nested structures were not limited to the thin walled tubes but were also extended 
to other structural shapes such as shells. The dynamic deformation behaviour of ‘Internally 
Nested Hemispherical Shell System’ (INHSS) was experimentally and computationally 
investigated by Hu et al. [44]. The results showed that the dynamic deformation process and 
energy absorption capability of INHSS depend on the thickness and radius of the inner shell. 
Crashworthiness optimisation of nested and concentric circular tubes under impact loading is 
also available in literature coupling Finite Element Method (FEM), Response Surface Models 
(RSM) and statistical based optimisation algorithms [45–52].  
The concept of nested tubes systems was originally inspired by the structure of different natural 
materials such as those in plants, animals or even human bodies. Currently, there is a growing 
area of research on optimising the crashworthiness performance based on bio-inspired design 
guidelines. According to Meyers et al. [53] and Kooistra et al. [54], organic structures were 
shown to have superior mechanical performance that is customised to targeted requirements. For 
example, bamboo-inspired bionic honeycomb tubular nested structure under axial load was 
investigated using a dynamic drop-weight impact experiment [55]. The results showed that the 
SEA of nature-inspired nested tubes were substantial in comparison to the traditional designs. 
Furthermore, the parametric numerical simulation revealed the influence of diverse mean 
diameter of the tube and the length of the junction plate on the energy-absorption characteristics. 
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Another interesting phenomenon observed among load-bearing tissues such as bones are 
successively organised nested structures [56]. Such a system known as the Haversian 
architecture commonly seen in cortical bone is exploited in this study. One popular scheme of 
Haversian inspired honeycomb-like hexagonal columns were investigated by Xu et al. [57] in 
their pioneering study and reported that wall thickness of hexagonal cells has a higher influence 
on crashworthiness in comparison to the thickness and hierarchical size ratios. 
Generally, to the best of the authors’ knowledge, all the nested structures presented in the 
literature consisted of tubes with the same cross-sectional shapes such as square, hexagonal or 
circular but with varied dimensions. Studies on the energy absorption and collapse behaviour of 
a nested structure composed of tubes with different geometrical cross-sectional shapes are not 
considered before. Consequently, this study evaluates the influence of alternative cross-section 
design of Haversian inspired nested tubes on their energy absorption. Furthermore, the 
mechanical performance of different reinforcement walls on nested tube designs is investigated 
using experimental and numerical techniques. 
2. Material and Methods  
2.1. Geometrical description of bio-inspired nested tubes 
This study presents energy absorption investigation of nested tubes structures with different cross 
sectional shapes. The nesting arrangements of the tubes are inspired by the Haversian 
architecture that forms the structure of the cortical bone as shown in Figure 1. The Haversian 
system is consisted of multiple concentric layers of bones and each layer is known as lamella. 
The configuration of Haversian architecture is similar to nested structures, where the central 
circular tubes are surrounded by another circular arrangement. 
To mimic the nested tube-like structures of the Osteon surrounding the Haversian canal, a total 
of 18 different nested column designs are conceived as shown in Figure 2. The global structure 
of the nested columns is primarily controlled by three structures representative of Osteon layers 
namely; inner, middle and outer tubes. 
Three cross-sectional shapes namely circular, hexagonal and square were considered. In each 
category two variants were taken; ‘with’ and ‘without’ reinforcement walls. All the designs 
featured the same cross-sectional area of 1735, 860 and 432 mm
2
 for outer, middle and inner 
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tubes respectively. The gauge thickness is 2 mm and the length of the reinforcement wall 
connecting the outer to middle and middle to inner is 68 mm and 98 mm, respectively. The 
lengths of the inner, middle and outer columns are 128, 98 and 68 mm, respectively as shown in 
Figure 3. The main advantage of using different lengths for the different components in the 
nested structures is decreasing the initial peak crush force as only the taller component (inner 
tube) will be crushed at the moment of the impact while the other components, i.e. middle and 
outer tubes, will be engaged in the crushing process during the later stages.  
2.2. Finite element modelling 
The Finite Element (FE) models of nested tubes were developed using LS-DYNA code to 
simulate the progressive compressive behaviour. All the designs were modelled using 
Belytschko-Lin-Tsay four-node shell elements with nine integration points through the thickness. 
An element size of 1 × 1 mm was found to be adequate for the solution based on the mesh 
convergence analyses carried out. The boundary conditions were applied to recreate the physical 
test conditions as shown in Figure 4. The FE model is composed of upper moving plate, lower 
stationary plate, and the nested-tube sample. The tubes were placed in the axial orientation 
between the two plates. The bottom plate was fully fixed, and the top end of the tube was 
assumed to be free. The top rigid wall was modelled featuring a mass of 800 kg and constrained 
to impact vertically onto the column. The mass value selection of 800 kg ensured that all nested 
columns could be fully crushed at an impact velocity of 10 m/s which is a typical value used for 
automobile crashworthiness applications [23]. In order to avoid penetration problems between 
the tube surfaces and the rigid walls, the node-to-surface contact algorithm was used for the FE 
model. In addition, the single-surface contact was employed to prevent interpenetration between 
the nested tube walls during deformation. The Coulomb friction coefficient at all contact pairs 
was considered 0.15 [23]. 
Experimental tensile tests were conducted to determine the mechanical properties of the nested 
tube material. Considering that the tubes are made through extrusion process which might yield 
an anisotropic behaviour, the tensile samples were cut from the sidewalls of the tube and in two 
directions including parallel to the extrusion direction and perpendicular to it (transverse). The 
stress-strain curves and the tensile samples are shown in Figure 5 whereas the extracted 
mechanical properties are tabulated in Table 1.  It is evident from the figure and table that the 
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AA6060-T4 alloy exhibits insignificant anisotropic behaviour where all the mechanical 
properties in the two directions are comparable with a maximum difference of around 7% 
(observed for the elastic modulus) and thus the extruded aluminium alloy can be considered as 
an almost isotropic material. Such material behaviour has previously been observed and reported 
by other researchers [58–61]. Consequently, the anisotropic material behaviour of aluminium 
due to extrusion process can be neglected and the mechanical properties in the extrusion 
direction can be considered sufficient to represent the behaviour of the tube and they can be used 
in the finite element model. Similar approach was considered in comparable previous 
investigations [62–65]. 
The Modified Piecewise Linear Plasticity (MPLP) material model was used to represent the 
aluminium alloy AA6060-T4 in the numerical model. The MPLP model provides a multilinear 
elastic-plastic material option which allows the stress-strain (𝜎 − ) curve input. The material 
model featured a material density (𝜌) of 2700 kg/m3, Young’s modulus (E) of 70 GPa, Poisson’s 
ratio (𝜐) of 0.33 and yield stress (𝜎𝑦𝑖𝑒𝑙𝑑) of 90 MPa. 
2.3. Experimental test 
In order to validate the numerical model, experimental quasi-static crush test was carried out on 
aluminium (AA6060-T4) tube created via extrusion and has a circular nested cross section as 
shown in Figure 6 (b). The diameter of the outer circle, the diameter of the inner circle, the 
length and the wall thickness of the validation sample were 46 mm, 23 mm, 68 mm and 2 mm 
respectively. 
The experimental test was performed under axial loading. A universal test machine 
manufactured by Santam (STM-150) equipped with a 150 kN load cell, as shown in Figure 6 (a), 
was used to carry out the tests. The test fixture was made up of two separate parts; the lower and 
the upper plates. The test specimen was placed on the lower plate while the upper plate was 
moved downward at a speed of 10 mm/min to crush the specimen. The test continued until 60% 
of the total length of the tube was crushed. The force-displacement curves were recorded from 
the load cell and crosshead movement, respectively. To ensure repeatability and accuracy of the 
test results, three axial crushing tests were performed. 
2.4. Crashworthiness evaluation metrics 
Page 7 of 35 
 
To study the crashworthiness of the Haversian inspired nested tubes, three parameters are 
considered including Specific Energy Absorption (SEA), Peak Crushing Force (PCF) and the 
Crush Force Efficiency (CFE). These parameters are widely accepted to study the crush 
behaviour of thin-walled structures [42,66,67]. The Energy Absorption (EA) during the axial 
deformation is given by Eq. 1: 




Where 𝐹(𝑥) and 𝛿 are the instantaneous load and the deformation distance of the nested tube 






For light weight crashworthiness design, the higher SEA is the main goal.  
PCF represents the initial peak crush force and a lower value is preferred to prevent instant 
deceleration, which is undesirable for crashworthiness.  














Where MCF is the mean crush force, 𝛿 is the crushing distance. Generally, the higher the CFE, 
the better consistency can be obtained in the energy absorption throughout the collapse spectrum. 
As a result, an ideal structure for crashworthiness maybe defines as the one with a 100% CFE. 
The last energy absorption indicator which is used in this study is the energy absorbing 
effectiveness factor (𝜓) [68], which can determined using Eq. 4:   
𝜓 =
𝐸𝐴
𝑉 × 𝑟 × 𝜎𝑜
 
4 
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Where V is volume of the structure, 𝑟 is rupture strain and 𝜎𝑜 =
(𝜎𝑌+𝜎𝑈)
2
 is the flow stress. 
Considering the aluminium alloy used in this study is insensitive to strain rate, 𝑟, yield stress 
(𝜎𝑌), and ultimate stress (𝜎𝑈) were all obtained from static tensile tests. 
2.5. Multi-criteria decision-making method 
The decision-making requirement of the presented study requires an analysis and comparison of 
many variables. This includes the cross-section of the nested tubes along with the various design 
criteria’s associated with the crashworthiness such as high SEA, low PCF and high CFE. 
Therefore, the selection of the best design balancing the multiple criteria by considering different 
choices requires a Multi-Criteria Decision Making (MCDM) exercise. 
Accordingly, the Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) is 
implemented in this study to rank and determine the best-nested tube design. TOPSIS was 
developed by Hwang and Yoon [69] and requires an alternative that has the minimum and 
maximum distance from the positive and negative ideal solution. Therefore, using SEA, PCF, 
and CFE as the selected design criteria, two alternatives are assumed: the ideal alternative is the 
design criterion that features the best level for all the indices and the negative ideal alternative is 
the design criterion with the worst indices. The TOPSIS methodology, as detailed in [69,70], 
starts with the creation of an evaluation matrix consisting of m alternatives and n criteria of the 
form shown in Eq. 5: 
(𝑥𝑖𝑗)𝑚×𝑛 5 
where, the model consists of m=18 alternatives (the number of nested designs considered) and 
n=54 criteria (18×SEA, 18×PCF, and 18×CFE). Accordingly, 𝑥𝑖𝑗 is the score of the alternative i 
with respect to the criterion j. Following this, the normalisation decision matrix is evaluated as 
shown in Eq. 6, where 𝑟𝑖𝑗 is given by Eq. 7: 
𝑅 = (𝑟𝑖𝑗)𝑚×𝑛 6 










Following this, the weighted normalised decision matrix is generated as shown in Eq. 8: 
𝑡𝑖𝑗 = 𝑟𝑖𝑗 × 𝑤𝑗 8 
where, 𝑤𝑗 is the normalised weight represented using Eq. 9 with 𝑊𝑗 being the original weight 
given to the indicator. Accordingly, the worst alternative (𝐴𝑤) and the best alternative (𝐴𝑏) are 









𝐴𝑤 = {(max(𝑡𝑖𝑗)∀ 𝐽
−),   (min(𝑡𝑖𝑗) ∀ 𝐽
+)} ≡ 𝑡𝑤𝑗  10 
 
𝐴𝑏 = {(min(𝑡𝑖𝑗)∀ 𝐽
−),   (max(𝑡𝑖𝑗) ∀ 𝐽
+)} ≡ 𝑡𝑏𝑗 11 
where, 𝐽+ and 𝐽− are criteria associated with positive and negative impact and 𝑑𝑖𝑤 and 𝑑𝑖𝑏 are 
the distance between the target alternative 𝑖 and the worst and best condition expressed using 
Eqs. 12 and 13: 
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Finally, the similarity (𝑆𝑖𝑤) to the worst condition is calculated using Eq. 14, represented as 
0 < 𝑆𝑖𝑤 < 1. If 𝑆𝑖𝑤 = 1 the alternative solution has the best condition while the worst condition 






3. Results and discussion 
3.1 Validation of the numerical model 
The validation of the numerical model was carried out by comparing both the force-displacement 
curve and deformation modes with the experimental tests. To ensure the accuracy of the 
experimental data, several tests were performed under axial loading condition. Figure 7 shows 
the results from experimental and numerical. Various deformation stages can be identified in the 
force-displacement curves as presented in Figure 7 (a). The crush force increases first to a peak 
value and then drop sharply due to the onset of the first wrinkle in the tube. Following this, the 
force-displacement response exhibits fluctuation behaviour corresponding to periodic folding, 
i.e. progressive collapse, of the structures. Such behaviour is a typical crush response for the 
axially loaded structures [71]. It can be seen that the numerical model can accurately capture the 
force-displacement data at all the compression stages closely following the experimental data. 
Figure 7 (b) compares the experimental and numerical deformation mode of the tubes at 60% of 
its original length. It is clear that the deformation is primarily through the progressive buckling 
of the structures and the numerical model is able to effectively capture the progressive failure in 
comparison to real life.  
In summary, the force-displacement curve and deformation mode predicted by the numerical 
simulations are in good agreement with the experimental results. Consequently, the Finite 
Element (FE) model established in this study is sufficiently validated and is considered for 
further analysis of the nested tube designs presented in Figure 2. 
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3.2 Role of nested arrangements in enhancing the crashworthiness behaviour 
In order to show how the nested arrangement can enhance the crashworthiness behaviour, a 
comparison was made between the responses of tubes when they are loaded separately and also 
when they are stacked together to create a nested tube system. The nested structure C-C-C, 
which comprises three components with circular cross sections, was considered as an example to 
explore the crashworthiness enhancement in the nested tubes. Figure 8 (a) shows the crush 
response of the nested structure C-C-C along with the force-displacement curves of its 
components, i.e. inner, middle, and outer tubes, when they are crushed separately. It is worth to 
mention that the crush responses of the middle and outer tubes were phased along the 
displacement axis in order to consider the changes in length of the different tubes. The curve 
with label ‘sum’ refers to the sum of the crush forces of the individual components. It is evident 
from Figure 8  that the nested structure exhibits significantly higher EA without increasing PCF. 
Thus, the shaded area confined between the ‘sum’ and nested curves indicates the energy 
absorption enhancement resulting from adopting the nested configuration in the structure C-C-C. 
This enhancement can be attributed to the interactions between the different components of the 
nested structure. 
The interaction effects can be explained by referring to the deformation mode of the different 
components in the nested structure. During the progressive collapse of the nested structure, 
contacts take place between inner and middle tubes, as well as between middle and outer tubes. 
Once the contacts are established, the external tubes impose circumferential constraints on the 
internal ones leading to a change in the deformation modes of the latter. Such circumferential 
resistance offered by the external tubes forces the internal components to deform with smaller 
wavelengths than those when they deform separately and this leads to an increase in the number 
of lobes generated during the deformation process of nested tubes and thus enhance the energy 
absorption capacity of the nested structure.   
A further comparison was made between the crashworthiness metrics of the nested structure and 
its components as shown in Figure 8 (b). It can be seen that nested structure has higher SEA and 
𝜓 than the sums of these crashworthiness metrics for the individual tubes. The nested 
configuration can increase the crashworthiness indicators, i.e. energy absorption per unit mass 
and the energy absorbing effectiveness factor, by 9%, approximately. 
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3.3 Crashworthiness performance of Haversian inspired nested tubes 
Figure 9 shows the force-displacement curves obtained from the numerical simulations on the 
axial collapse of nested tubes with different configurations. The nested designs presented in 
Figure 9 (a), (b), and (c) feature a circular, hexagonal and square outer tube, respectively. From 
the force-displacement curve, three main stages can be extracted each corresponding to the 
crushing of the inner (stage 1), middle (stage 2) and outer (stage 3) tubes of the nested system. In 
stage 1, the crushing process starts when the upper rigid plate come in touch with the inner tube 
of the nested system that starts deforming as the rigid plate moves downward. Following this and 
as the rigid plate continues to crush the nested system, the middle tube starts deforming in stage 
2. The process continues in stage 3 where the outer tube engages in the overall deformation. In 
stages 2 and 3, the axial load rises respectively as a result of the interaction between inner, 
middle and outer tubes of the nested system. Once the deformation of the outer tube (stage 1) 
coincided with the middle tube, both the circular (Figure 9 (a)) and square system (Figure 9 (c)) 
showed growth in load due to interaction effects in stage 2. However, for the hexagonal design, 
the performance in stage 2 was more or less constant. Although, in stage 3, the interaction effect 
was observed for all the three groups (Circular, Hexagonal and Square) tested. This shows that 
all the three tubes in the nested system works collaboratively for a controlled failure through the 
deformation cycle. For the ribs enhanced nested tubes, their impact forces are generally higher 
than the standard tubes with the same cross-sectional shape. Consequently, it can be concluded 
that the nested tubes designs with reinforcement walls can offer superior crush behaviour.  
The effectiveness of using internal ribs for enhancing the crashworthiness performance were also 
reported in previous studies [72]. For example, Annisa et al [72] reported a significant 
improvement in the energy absorption behaviour of double-walled square columns when internal 
ribs were introduced to them. Additionally, Zhang et al [73] reported that for a hexagonal bi-
tubal structure, using strong internal ribs are among the preferred design options for achieving 
best energy absorption characteristics.  
The crashworthiness enhancement obtained from using internal ribs in the nested structures is 
mainly due to two factors. First, the ribs can be viewed as an additional material in the structure 
which absorbs energy during their plastic deformation. Secondly, the ribs create more 
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interactions between the different components of the nested structures and these improved 
interactions effectively change the folding modes to more stable and favourable ones.  
Figure 10 shows the crashworthiness metrics of the nested tubes predicted using the validated 
finite element model. Evaluating the specific energy absorption as shown in Figure 10 (a), it is 
evident that the nested tubes feature reinforcements, denoted by r symbol, absorb more energy 
than the standard designs. Although the ribs might increase the overall mass of the nested 
structure, the energy absorption enhancement obtained from introducing the ribs outperforms the 
mass increase and leads to overall improvement in the crashworthiness metrics. For example, the 
mass of C-C-Cr structure is 10% higher than the mass of its counterpart design without ribs, i.e. 
C-C-C structure. However, the structure C-C-Cr absorbs approximately 24% more energy than 
the C-C-C structure and this yields an overall improvement in SEA response equals to 13%. The 
best performance with respect to SEA was exhibited by H-C-Sr (Category: Hexagonal) 
outperforming S-S-S (Category: Square) by approximately 30%. In addition to the role of the 
ribs, the superior SEA response offered by H-C-Sr structure might be due to better interaction 
effects between its components caused by its geometrical shape. By a close inspection of H-C-Sr 
cross section, one can easily see that the gap size between the inner and middle tubes; and 
between middle and outer tubes is not consistent along the circumferential of these tubes. The 
gap becomes smaller in some regions of the structure and this smaller gap allows for greater 
contact area between the tubes of structure during the deformation process. Comparing the SEA 
of the designs without a reinforcement wall, the highest performance was exhibited by C-C-C 
absorbing 20.23 kJ/kG which accounts for an improvement of 13% over S-S-S tube. For the 
reinforced designs, the worst performance was exhibited by S-S-Sr which absorbs approximately 
10.4% less energy than the best-reinforced design H-C-Sr.  
Examining the PCF response as presented in Figure 10 (b), it can be seen that the PCF values of 
all the nested tubes are comparable within a range of 21 to 24.2 kN, the limits represented by 
designs H-S-C and C-H-S, respectively. Also, the nested structures with internal ribs exhibit 
almost identical PCF values to their counterparts without ribs. This is mainly because the onset 
of failure starts in stage 1 where the resistance is primarily offered by the inner tube alone. 
However, in stages 2 and 3, the crushing force increased due to the added resistance offered by 
the deformation of the middle and outer tubes. For designs categorised under circular outer tube, 
Page 14 of 35 
 
the lowest PCF was exhibited by C-C-C, followed by H-S-C and S-H-C for hexagonal and 
square categories, respectively.  
For a well-designed energy absorbing system a balance between energy absorption and crush 
force is often desired [74,75]. This is primarily because a high SEA and low PCF are often 
considered the best features of an efficient energy absorption system. Consequently, the CFE is 
often employed as an indicator to characterise the performance of energy absorbers. The CFE 
combines both SEA and PCF parameters as a ratio allowing to identify the best performing 
designs. Comparing CFE as shown in Figure 10 (c), the nested tube designs that feature an outer 
square cross-section (Category: Square) performed inferior to the designs that feature a 
hexagonal and circular outer tube. The highest crush force efficiency was exhibited by C-H-Sr 
which has a 20% improvement in comparison to the worst performing design S-S-S. Overall, the 
designs that feature a reinforcement wall were found to outperform the simple nested design. 
This is because of the added interaction effects offered by the reinforcement wall allowing all the 
designs to work together as a single system. 
Figure 11 presents the deformed shapes for all the nested tube designs considered. It can be seen 
that under perfectly axial loading, all the nested designs folded progressively and none of them 
experience the global bending deformation mode. However, the designs that feature a 
reinforcement wall have a more desirable symmetrical deformation mode with a higher number 
of folds than those observed in designs without reinforcement. The ribs in a nested structure play 
a stiffener’s role which impose more resistance towards buckling and alter the deformation mode 
of the components in the nested structure. Analysing the deformation mode associated with H-S-
C and S-H-C tubes, it can be seen that the deformation mode is unsymmetrical and the 
interaction effects offered by the nesting is minimal. 
 
3.4 Identifying the best design 
TOPSIS is employed to determine the best energy absorber among those investigated in this 
study. Using the responses of SEA, PCF, and CFE as shown in Table 2, the designs are ranked 
from 1 and 18, where 1 is the best and 18 is the worst energy absorber. The ranking is based on 
the value of 𝑆𝑖𝑤  calculated based on Eq.14.  
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The ranking metrics identifies S-H-Cr as the best design (Rank 1) that feature the right balance 
between low PCF, high CFE, and high SEA in comparison to other designs. C-S-H was 
identified as the worst design at a rank of 18 based on the 𝑆𝑖𝑤  value as it neither had high SEA 
value nor low PCF. Based on the 𝑆𝑖𝑤  value, the performance of C-S-H was 72.5% away from the 
ideal identified as Rank 1. Furthermore, comparing the results in Table 3, it can be seen that all 
of the top ranking designs feature a reinforcement wall and this indicates that ribs-enhanced 
tubes are more suitable for the crashworthiness applications. 
4. Conclusion 
Crashworthiness and energy absorption characteristics of bio-inspired nested structures with 
various cross sections were studied. Three groups of designs (circular, hexagonal, and square) 
each featuring an equal number of reinforced and non-reinforced nested designs were analysed. 
Comparison between experimental and numerical data showed good agreement validating the 
modelling methodology. The force-displacement and deformation modes of the nested tubes 
showed three distinctive stages each characterised by deformation of the outer, middle and inner 
tubes. This resulted in increasing impact due to the interaction effects between the different 
components of the nested structures at stages 2 and 3. Overall, the nested tubes with 
reinforcement walls outperformed other designs offering higher SEA. After studying PCF, SEA 
and CFE, the designs were ranked using a multi-criteria decision-making method (TOPSIS). The 
results showed that nested tube with reinforcement walls (S-H-Cr) has the highest score and the 
best crashworthiness performance tube with a lower impact force and higher specific energy 
absorption. The design methodology presented in this paper may lead to the design of new bionic 
structures with excellent energy absorption performance. 
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Table 1. Mechanical properties of extruded AL6060-T4 
 
Extrusion direction Transverse direction Difference (%) 
E (GPa) 69.8 65 6.87 
𝜎𝑦 (MPa) 89.860 91.230 1.52 
𝜎𝑢 (MPa)  145.153 136.66 5.852 
𝑚𝑎𝑥 (%) 20.305 19.966 1.667 
 



















C-C-C 0.169 21.12 20.23 0.447 H-C-Sr 0.193 24.11 24.53 0.498 
C-C-Cr 0.186 21.28 22.87 0.491 H-S-C 0.169 21.06 19.09 0.487 
C-H-S 0.169 24.24 19.04 0.473 H-S-Cr 0.19 21.51 23.65 0.48 
C-H-Sr 0.193 24.2 24.02 0.525 S-S-S 0.169 24.21 17.76 0.417 
C-S-H 0.169 22.53 18.55 0.508 S-S-Sr 0.195 24.18 22.12 0.486 
C-S-Hr 0.188 22.34 22.23 0.458 S-C-H 0.169 22.53 18.87 0.474 
H-H-H 0.169 22.53 19.57 0.476 S-C-Hr 0.186 22.24 23.11 0.464 
H-H-Hr 0.189 22.25 23.27 0.501 S-H-C 0.169 21.06 18.58 0.475 
H-C-S 0.169 24.18 18.56 0.458 S-H-Cr 0.187 21.37 23.1 0.454 
 
Table 3. Ranking of the crashworthiness performance of nested tube designs using TOPSIS 
Circle Hexagonal Square 
Reinforcement 
Design Score Rank Design Score Rank Design Score Rank 
C-C-C 0.0616 8 H-H-H 0.0414 14 S-S-S 0.0452 11 No 
C-C-Cr 0.0715 5 H-H-Hr 0.0678 7 S-S-Sr 0.0562 10 Yes 
C-H-S 0.0322 16 H-C-S 0.0267 17 S-C-H 0.0366 15 No 
C-H-Sr 0.0607 9 H-C-Sr 0.0692 6 S-C-Hr 0.0800 3 Yes 
C-S-H 0.0239 18 H-S-C 0.0426 12 S-H-C 0.0425 13 No 
C-S-Hr 0.0738 4 H-S-Cr 0.0801 2 S-H-Cr 0.0869 1 Yes 
 
 






Figure 1. The hierarchical structure of the cortical bone adapted from [52], (a)  the macro-
structure of the bone, (b) microstructure showing Osteon that forms the Haversian architecture,  
(c) microstructure showing a single Haversian canal and the associated architecture, (d) 3D 
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Figure 2: Design specifications for the nested columns classified based on their global shape (a) 
Circular outer ring, (b) Hexagonal outer ring, (c) Square outer ring. (The suffix r refers to tubes 
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Figure 3: Length and arrangement of the nested tube considered for controlled failure, where 
(a) Circular (C), (b) Hexagonal (H), (c) Square (S) (dimension in mm) 
 
  




















Figure 5: (a) Tensile samples cutting (b) Tensile test Experimental setup (c) True stress-strain 












Figure 6: (a) Experimental test setup used for validation study where (b) Details of simple and 













Figure 7: Comparison of experimental and numerical results (a) force-displacement curves and 































Figure 8: (a) Force–displacement curves, (b) crashworthiness metrics of nested and separate 
circular tubes 
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Figure 11: Deformed shapes of Haversian inspired nested tube designs (a) circular group, (b) 
hexagonal group, (c) square group. 
